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In Brief
Snyder et al. identify primary afferents that express the kappa opioid receptor in mouse and human and show that kappa opioid receptor signaling inhibits these cells in physiological and behavioral experiments.
INTRODUCTION
Opioids are known to modulate somatosensation and have been the focus of decades of research aimed at developing better treatments for pain. This class of molecules and their receptors comprise several primary subtypes, including mu, delta, and kappa (Kieffer and Gavé riaux-Ruff, 2002) . Mu opioid receptor (MOR) agonists, such as morphine, remain among the most widely used treatments for various acute and chronic pain conditions (Smith and Peppin, 2014) . While often effective at relieving pain, MOR agonists are frequently accompanied by deleterious side effects such as respiratory depression and sedation (Boom et al., 2012) , nausea and constipation (Porreca and Ossipov, 2009) , and the development of tolerance (Bailey and Connor, 2005) . In addition, millions of American have been estimated to suffer from substance abuse stemming from MOR agonist-based prescription pain relievers (Smith, 2017) . As a result, the clinical potential of other classes of opioids has been the topic of great interest.
An appealing therapeutic target is the kappa opioid receptor (KOR). KOR is an inhibitory G-protein-coupled receptor that is activated by the endogenous ligand dynorphin (Chavkin et al., 1982) . KOR agonists reduce pain and itch (Cowan et al., 2015; Millan, 1990; Vanderah, 2010) . However, KOR signaling plays many other roles across the nervous system. For instance, KOR signaling mediates negative emotional states including aversion, depressive-like behaviors, and drug reinstatement (Lalanne et al., 2014; Lutz and Kieffer, 2013; Nygard et al., 2016; Shippenberg et al., 2007; Taylor and Manzella, 2016; Zhang et al., 2005) . In addition, the naturally occurring KOR agonist salvinorin A, derived from Salvia divinorum, is a psychoactive drug that is taken recreationally (Chavkin et al., 2004; Roth et al., 2002; Sheffler and Roth, 2003; Valdé s, 1994) . Thus, while KOR agonists could provide analgesic benefit, they nevertheless have limiting side effects and abuse liability.
Given the problems associated with the activation of opioid receptors in the CNS, targeting opioid receptors in the periphery has emerged as an attractive strategy to reduce pain (or itch) without centrally mediated effects. MOR is clearly present and functional in a subpopulation of nociceptive afferents, serving as what is believed to be a primary target of spinally administered MOR agonists. Furthermore, peripherally administered MOR agonists have been shown to be antinociceptive in both pre-clinical (Chavkin et al., 2004; Levine and Taiwo, 1989; Roth et al., 2002; Sheffler and Roth, 2003; Valdé s, 1994) and clinical ) studies. However, the analgesic efficacy of peripherally administered MOR agonists appears to be limited, possibly due to the rapid development of tolerance (Corder et al., 2017) . While the delta opioid receptor (DOR) is another potential candidate for peripheral activation, CNS side effects such as seizures (Chung et al., 2015) remain a concern, and there is at least some evidence that peripheral DOR agonists might have limited analgesic efficacy due to limited surface expression (Shiwarski et al., 2017) . In contrast, peripherally restricted KOR agonists are showing promise clinically, pointing to the need to better characterize the primary afferents that express this receptor. Based on in situ hybridization and immunohistochemistry, KOR has been reported to be expressed by small, medium, and large diameter neurons in rat dorsal root ganglia (DRG) (Ji et al., 1995; Maekawa et al., 1994) , but the specific types of sensory neurons that express KOR are unknown.
In an effort to understand the therapeutic potential of peripherally restricted KOR agonists, we sought to identify which primary afferents express KOR and how activation of KOR on these cells modulates somatosensation. Here, we show that KOR-expressing sensory neurons comprise a transcriptionally distinct subset of peptidergic neurons that preferentially innervate viscera, as well as low-threshold mechanoreceptors (LTMRs) that innervate hair follicles. We provide evidence that KOR inhibits primary afferents at multiple sites: at their central terminals, KOR signaling inhibits excitatory neurotransmission; at their peripheral terminals, KOR signaling reduces neurogenic inflammation and inhibits the sensitization of nociceptors by inflammatory mediators. Finally, we show that peripherally restricted KOR agonists are sufficient to decrease acute chemical pain and itch behaviors, as well as mechanical sensitivity, in a post-operative pain model.
RESULTS

KOR-cre Knockin Mouse as a Tool to Identify Peripheral Sensory Neurons Expressing KOR
A subpopulation of primary afferents in the mouse are known to respond to KOR agonists (Macdonald and Werz, 1986; Werz et al., 1987; Werz and Macdonald, 1984) , but this subpopulation was not characterized. We therefore generated a KOR-cre knockin allele with the goal of visualizing and manipulating KOR-expressing sensory neurons. In this allele, Cre recombinase (Cre) replaces the initial coding sequence of the Oprk1 gene, which encodes KOR (Cai et al., 2016) . To validate that the KOR-cre allele mediates recombination in primary afferents that express Oprk1, we performed dual fluorescent in situ hybridization (FISH) for Oprk1 and tdTomato mRNA in mice that had received intrathecal administration of a Cre-dependent virus (AAV.FLEX.ChR2-tdTomato) (Dayton et al., 2012; Vulchanova et al., 2010) . The vast majority of the primary afferents that expressed tdTomato mRNA also expressed Oprk1 message, and, conversely, most Oprk1-expressing afferents showed tdTomato mRNA expression (Figures 1A and 1B) . To confirm these findings through an independent method, we performed single-cell RT-PCR on virally labeled KOR-cre primary afferents (AAV.FLEX.ChR2-tdTomato delivered IT). We found that most (10 of 12) KOR-cre-expressing neurons showed Oprk1 expression by RT-PCR ( Figure 1C ). In contrast, in primary afferents that were not genetically labeled by the KOR-cre allele, Oprk1 mRNA was not detected ( Figure 1C ). These findings suggest that the recombination mediated by the KOR-cre allele faithfully recapitulates the endogenous expression of Oprk1.
KOR Is Expressed in Distinct Neurochemical and Anatomical Subsets of Primary Afferents
When visualizing the cell bodies of primary afferents that were recombined in the KOR-cre mice, we noted that both large-and small-diameter somata were labeled. This observation raised the possibility that KOR is expressed in more than one type of sensory neuron. To address this possibility, we used immunohistochemical approaches to characterize KOR-cre neurons that were visualized using a Cre-dependent ChR2-tdT virus delivered IT (Dayton et al., 2012) . In quadruple-labeling experiments, we found that almost all KOR-cre afferents could be labeled with a small subset of markers: calcitonin gene-related peptide (CGRP), which marks peptidergic cells (Figures 2A and 2D ) (Basbaum, 2008) ; Neurofilament-200 (NF200), which marks myelinated A-d and A-b fibers ( Figures 2B and 2D ) (Basbaum, 2008; Li et al., 2011) ; and tyrosine hydroxylase (TH), which marks a subset of C-fibers that includes low-threshold mechanoreceptors ( Figures 2C and 2D ) (Li et al., 2011; Seal et al., 2009 ). This pattern of co-labeling suggested that $2/3 of KOR-cre-labeled sensory neurons are nociceptive (i.e., expressed CGRP [or CGRP and NF200]), whereas $1/3 of KOR-cre-labeled neurons are low-threshold mechanoreceptors (LTMRs) (i.e., afferents expressed TH or NF200, but not CGRP; Le Pichon and Chesler, 2014) . Together, these three markers labeled 95% of the KORcre population ( Figure 2D ). In contrast, we observed little or no overlap of KOR-cre afferents with TRPM8-immunoreactive (IR) or parvalbumin-IR neurons, suggesting that KOR-cre does not cause recombination in either cool-sensing neurons (McKemy et al., 2002; Peier et al., 2002) or in proprioceptors (de Nooij et al., 2013) (Figures S1 and S2 ). Since we and others have shown that KOR agonists inhibit itch (Cowan et al., 2015; Kardon et al., 2014) , we were interested in determining whether itch-responsive afferents, including somatostatin (SST)-and MrgprA3-expressing populations, express KOR. However, in these two populations we found limited overlap with KOR-crelabeled neurons or Oprk1 message (Figures S1C-S1F). In experiments to assess the presence of primary afferent terminals in the skin, we noted the recombination of some dermal cells (Figure S1G) that turned out to be macrophages upon further characterization by flow cytometry ( Figure S1H ). However, we were unable to detect Oprk1 mRNA in these cells, either by RT-PCR or in situ hybridization, possibly due to a very low abundance of message or transient expression of Oprk1 in these cells.
Many genes show a developmental pattern of expression that is different than that observed in adulthood. To address whether recombination using the KOR-cre allele varies as a function of time, we performed experiments to compare the recombination pattern that is observed in adult mice when the reporter is introduced at three different stages of development: embryonic (using the Ai9 reporter allele), post-natal day 1 (using AAV viruses delivered IP) (Foust et al., 2008) , and adult (using AAV viruses delivered IT). In general, labeling by the KOR-cre allele at any of these three times marked similar subsets of afferents as revealed by co-staining with CGRP, NF200, and TH ( Figures  S2A and S2B ). However, KOR-cre-labeled sensory neurons that were marked when adult mice were infected with Credependent viruses made up a smaller and more restricted population than that observed when the recombination occurred during embryonic or early post-natal development (see Figure S2 for further detail). (A-C) IHC of lumbar DRG neurons from KOR-cre mice labeled using a Cre-dependent virus (AAV.FLEX.ChR2-tdTomato; IT in adult) and co-stained with antibodies to CGRP (A), NF200 (B), and TH (C). Scale bar, 10 mm. (D) Pie chart representing co-localization of immunohistochemical markers with virally labeled (AAV.FLEX.ChR2-tdTomato, IT in adult) KOR-cre DRG neurons. A total of 52% ± 5% of KOR-cre neurons co-localize with CGRP (red), 12% ± 6% co-localize with both CGRP and NF200 (yellow), 23% ± 6% co-localize with NF200 (green), and 8% ± 2% co-localize with TH (blue). Only 5% ± 5% of KOR-cre neurons did not co-localize with any of these three markers (gray; n = 3 mice). (E and F) Representative images of lumbar spinal cord section of a KOR-cre mouse following an injection of AAV.FLEX.ChR2-tdt into the left sciatic nerve at P40. KOR-cre + FLEX.ChR2-tdt primary afferent terminals can be seen ipsilateral to the injection in the dorsal horn (E) in both the deeper dorsal horn below the IB4 band (F) and in the superficial dorsal horn where they co-localize with CGRP (G).
Since the KOR-cre allele appeared to mediate recombination in several populations of primary afferents, we next addressed whether these fibers terminate in distinct laminae of the spinal cord. To selectively visualize the central terminals of KOR-creexpressing primary afferents (rather than KOR-cre spinal interneurons), Cre-dependent AAV viruses were either injected into the sciatic nerve of adult mice or delivered IP at P1 (Figures S3A and S3B ). We observed that many KOR-cre afferents terminated in the superficial dorsal horn, where they co-localized with CGRP. In addition, we found that KOR-crepositive afferents that terminated in laminae III-IV, the LTMR recipient zone. Furthermore, at least some of these fibers appeared to send collaterals in the dorsal funiculus ( Figure S3A ), consistent with the possibility that KOR-cre afferents include LTMRs that target the dorsal column nuclei (Horch et al., 1976) . Taken together, the neurochemical and anatomical data support the idea that KOR is expressed by nociceptive peptidergic afferents that target lamina I, and presumed LTMRs that target laminae III-IV and the dorsal column nuclei.
KOR Is Expressed in Circumferential and Lanceolate Low-Threshold Mechanoreceptors
The finding that KOR-cre mediates the recombination of afferents that target the LTMR-recipient zone in the deeper dorsal horn was somewhat unexpected, since there had been no previous studies that implicated KOR signaling in low-threshold mechanosensation. To further investigate the identity of these afferent fibers, we visualized their peripheral endings using Cre-dependent expression of ChR2-tdTomato. In the hairy skin of the hind paw, we observed that KOR-cre-labeled afferents formed lanceolate ( Figure 3A ) or circumferential ( Figure 3B ) endings around hair follicles. Many of these afferents co-expressed NF-200, indicating that they are myelinated, but they did not express CGRP. KOR-cre afferents with circumferential or lanceo- late endings were also observed in the hairy back skin, where they targeted multiple hair follicle types ( Figures S4A and  S4B ). This suggests that KOR is expressed by a subset of LTMRs that target hair follicles across the body. In contrast, KOR-cre afferents did not include afferents targeting Merkel disks or Meissner corpuscles in glabrous skin (data not shown).
To characterize the physiology of low-threshold KOR-cre afferents, we used the ex vivo skin-nerve preparation and teased fiber recordings (McIlwrath et al., 2007; Woodbury et al., 2001 ). ChR2-expressing KOR-cre afferents were identified through optogenetic tagging (Figures S5A and S5B) and then characterized by their responses to the application of constant mechanical force (1-100 mN). Using this approach, we observed cells with two distinct firing patterns in response to mechanical stimulation. The first responded to low-threshold stimulation (e.g., 5 or 10 mN) and consistently fired only once (at stimulus onset) or twice (at stimulus onset and offset) in response to mechanical stimulation throughout the range of forces tested (Figures 3C, S5C, and S5E) . This stimulus-response pattern is consistent with our anatomical data suggesting that KOR-cre afferents include rapidly adapting lanceolate fibers (Koerber and Woodbury, 2002; Li et al., 2011) . To confirm that Oprk1 is expressed in these afferents, we performed single-cell RT-PCR on primary afferents that are labeled by the Split Cre allele, which labels Ab RA-LTMRs (Rutlin et al., 2014) , and detected Oprk1 message in 7 of 27 (26%) of these afferents. A second type of KOR-cre afferent also responded to lowthreshold stimulation ( Figures 3D, S5D , and S5E). However, these afferents fired throughout the period of mechanical stimulation. Moreover, they showed dramatically increased firing rates in response to increasing forces, firing as many as 300 action potentials over 5 s. These response properties (low threshold but responsive across a large dynamic range) are also consistent with our anatomical data revealing afferents that form circumferential endings around hair follicles (Bai et al., 2015) . Taken together, these functional data suggest KOR is present in at least three sensory neuron subtypes, including two that target hair follicles.
KOR Is Expressed by a Transcriptionally Distinct Subset of Peptidergic Afferents
The majority of sensory neurons targeted by the KOR-cre allele were not LTMRs, but rather peptidergic (presumably nociceptive) afferents. Given the role of KOR signaling in nociception (Millan, 1990) , we decided to study these afferents in more detail. We found that many KOR-cre afferents formed free nerve endings in the skin ( Figure 4A ), but they were not specific to the skin, as they were found in numerous other tissues. To further characterize the peptidergic KOR-cre afferents, we performed immunolabeling for CGRP, substance P, and TRPV1. These experiments (K) Cartoon illustrating the back labeling of bladder, colon, and muscle primary afferents using fluorophore-conjugated cholera toxin B and/or wheat germ agglutinin.
(L) Image of L6 DRG in which colon afferents have been back labeled with CTB-555 (red) and bladder afferents have been back labeled with CTB-488 (green). Note that a small fraction of afferents dually innervate colon and bladder (yellow). (M) Analysis of Oprk1 expression by single-cell RT-PCR in afferents that innervate bladder, colon, or muscle. The proportion of bladder afferents or colon afferents that express Oprk1 was significantly higher than the proportion of muscle afferents that express Oprk1. Data are presented as mean ± SEM, and symbols represent data points from individual animals (***p < 0.001, ****p < 0.0001, one-way ANOVA followed by Holm-Sidak test; n = 5-6 mice/condition with 9-22 cells per mouse).
revealed that 2/3 of KOR-cre afferents expressed CGRP, and half expressed substance P and/or TRPV1 ( Figures 4B and 4C ). Although most KOR-cre afferents expressed CGRP, it is important to note that there were many CGRP-positive afferents that did not show KOR-cre mediated recombination (e.g., Figure 4B , arrowheads). Even when using a Cre-dependent tdTomato allele as a reporter to mark all cells that have ever expressed KOR at any time during development, only half of CGRP-expressing afferents were labeled. This observation led us to ask whether peptidergic neurons that express KOR are in some way distinct from peptidergic neurons that do not express KOR. To investigate this question, we turned to single-cell quantitative RT-PCR, restricting analysis to afferents that expressed Calca (which encodes CGRP). Within this peptidergic category, 15 KOR-cre-positive afferents in which the presence of Oprk1 message was subsequently confirmed were compared to 20 KOR-cre-negative neurons ( Figure 4D ). This analysis revealed a number of peptidergic markers-Calca, Tac1, Trpv1, Gfra3, and Ptgir-that were expressed at significantly higher levels in Oprk1-positive relative to Oprk1-negative neurons ( Figures 4E-4J ). In particular, Oprk1-expressing afferents showed on average $12-fold higher Calca, $6-fold higher Tac1, and $18-fold higher Gfra3 expression. These findings suggest that, within the peptidergic class of primary afferents, KOR is preferentially expressed in a transcriptionally distinct subset of neurons.
The finding that Oprk1 is detected in a transcriptionally distinct subset of peptidergic afferents raised the possibility that Oprk1-expressing fibers might preferentially target specific tissue types. Indeed, a survey of recombination across different nerves and tissues suggested that the innervation of some tissues by KOR-cre afferents might be greater than others ( Figure S6 ). To assess this possibility, we back-labeled primary afferents that innervated the bladder, the colon, or skeletal muscle (Figures 4K and 4L) and performed single-cell RT-PCR. Oprk1 was detected in $60% of colon afferents and half of bladder afferents, but only 7% muscle afferents. Despite having distinct peripheral targets, Oprk1-positive afferents from all three of these tissues appeared rather uniform: 97% expressed Calca, 92% expressed Tac1, 95% expressed Trpv1, and 94% expressed Trka. These findings raise the possibility that KOR defines a subtype of peptidergic afferent that is highly represented in visceral organs, such as colon and bladder.
KOR Is Functionally Expressed in Sensory Neurons and Mediates Inhibition of Voltage-Gated Ca 2+ Currents
Previous studies have suggested that KOR agonists inhibit voltage-gated Ca 2+ currents (VGCC) in a subpopulation of primary afferents (Bean, 1989; King et al., 1999; Macdonald and Werz, 1986; Moises et al., 1994; Su et al., 1998; Wiley et al., 1997) . To confirm these observations, we measured the effects of dynorphin on VGCC through whole-cell patch-clamp recordings on freshly dissociated DRG neurons. When recording from tdTomato-positive cells that were genetically labeled by the KOR-cre allele, we observed that dynorphin (0.1 and 1 mM) caused a significant decrease in VGCC, which returned to baseline upon washout ( Figures 5A , 5B, S7A, and S7B). Dynorphin treatment was also associated with a significant increase in current rise time ( Figure S7C ), consistent with the possibility that the inhibition of peak inward current reflects a KOR-induced rightward shift in the voltage dependence of channel activation (Bean, 1989 Figures 5D and 5E ). Together, these findings suggest that KOR is functionally expressed in a subset of human peptidergic afferents.
KOR Decreases Excitatory Neurotransmission from Primary Afferents in the Superficial and Deep Dorsal Horn
Mu and delta opioids have been shown to inhibit glutamate release from the central terminals of sensory afferents (Bardoni et al., 2014; Franç ois et al., 2017; Heinke et al., 2011; Kohno et al., 1999) , and several studies suggest that KOR agonists may likewise inhibit nociceptive afferents (Ikoma et al., 2007; Kohno et al., 1999; Randi c et al., 1995) , but whether KOR agonists inhibit excitatory neurotransmission from LTMRs is unknown. To address the role of KOR on the central terminals of sensory neurons, we tested the effects of the dynorphin on the amplitude of light-evoked excitatory post-synaptic potentials (eEPSCs) that were observed upon optogenetic activation of KOR-cre afferents. To record from lamina I neurons, we used the ex vivo spinal cord preparation ( Figure 6A ) . First, we identified neurons that likely received monosynaptic input from KOR-cre afferents based on eEPSC latency and the absence of failure following optogenetic stimulation of KOR-cre afferent input. Next, we analyzed the effect of dynorphin in paired-pulse recordings. These experiments revealed that dynorphin significantly and reversibly decreased eEPSC amplitude and increased the paired-pulse ratio, both of which were evoked with optogenetic stimulation of KOR-cre afferents ( Figures 6B-6D ). Similar results were observed when the experiments were repeated in the presence of naltrexone (1 mm), indicating that they were not due to a dynorphin-induced activation of MOR ( Figures S8A-S8D ). These findings suggest that KOR reduces excitatory neurotransmission from the central terminals of KOR-cre primary afferents in the superficial dorsal horn.
To investigate whether the KOR-cre afferents that target the deep dorsal horn were similarly modulated by KOR signaling, we developed a modified spinal cord preparation in which a single parasagittal cut in one hemisphere of the spinal cord was performed in order to target neurons in LIII for patch-clamp recordings ( Figure 6E ). For these experiments, we applied blue light to the dorsal root to stimulate KOR-cre-positive afferents expressing ChR2. We identified neurons in the dorsal horn that likely received monosynaptic input from these fibers by the absence of failure following optogenetic stimulation of KOR-cre afferents. Just as was found in lamina I neurons, treatment with dynorphin caused a significant and reversible decrease in the first peak amplitude of eEPSCs in lamina III neurons that corresponded to a significant increase in the paired-pulse ratio ( Figures  6F-6H ). Similar results were also obtained in the presence of naltrexone (1 mm) to block MOR ( Figures S8E-S8H ). Taken together, these findings suggest that KOR expressed at the central terminals of both nociceptors and LTMRs is functional and likely mediates presynaptic inhibition of both types of afferent input to the spinal cord dorsal horn.
KOR Signaling Inhibits Neurogenic Inflammation
Based on the finding that KOR is expressed in mouse and human peptidergic afferents, we sought to address whether KOR activation could inhibit neurogenic inflammation. To address this question, we measured plasma extravasation in mice that had received an intraplantar injection of capsaicin in the presence or absence of a KOR agonist ( Figure 7A ). For these experiments, we compared the effects of nalfurafine, a centrally penetrating KOR agonist (Endoh et al., 1999; Nagase et al., 1998) , to those of either ICI204,488 or FE200665 (Vanderah et al., 2008) , two peripherally restricted KOR agonists that have extremely limited ability to cross the blood-brain barrier ( Figure 7C ) (Shaw et al., 1989; Vanderah et al., 2008) . In control mice, treatment with the TRPV1 agonist capsaicin resulted in a significant increase in Evans blue in the ipsilateral paw relative to the contralateral paw. In contrast, treatment with any of the three KOR agonists significantly reduced capsaicin-induced plasma extravasation ( Figures 7B and 7C ). These observations are consistent with previous data (Green and Levine, 1992) . Similar results were observed when neurogenic inflammation was induced with an inflammatory mixture of bradykinin and prostaglandin E2 ( Figure S9 ). Importantly, we found that nalfurafine failed to attenuate Evans blue extravasation in KOR À/À mice, confirming that the inhibition of neurogenic inflammation by nalfurafine is specific to KOR ( Figure 7D) . Finally, as an independent measure of neurogenic inflammation, we also assessed the effects of KOR agonists on the increase in paw temperature observed following capsaicin-injection into the hindpaw. Intraplantar injection of capsaicin in vehicle-treated mice resulted in an increase in paw temperature that was significantly attenuated in mice treated with either nalfurafine or ICI204,488 ( Figures 7E and 7F) . Together, these results suggest that activation of KOR in the periphery is sufficient to inhibit neurogenic inflammation.
KOR Signaling in the Periphery Inhibits Inflammatory
Mediator-Induced Sensitization of Nociceptive Afferents To further assess the functional effects of peripheral KOR agonists, we performed single-unit electrophysiological recordings of colonic nociceptive afferents ( Figure 7G ). Under baseline conditions, application of the KOR agonist nalfurafine to the receptive field of colonic afferents had no effect on the number of action potentials evoked by stretch of the colon (data not shown). However, KOR agonists reversed the sensitization induced by inflammatory mediators (histamine, bradykinin, prostaglandin E2, and serotonin) ( Figure 7H ). To quantify this effect, we recorded the response to stretch in the presence of bath solution alone (baseline) on the receptive field, following application of inflammatory mediators (IM), and then the application of inflammatory mediators together with nalfurafine (IM + Nalf). Inflammatory mediators increased the number of action potentials in response to stretch, whereas nalfurafine significantly reduced this sensitization ( Figure 7I ). In contrast, nalfurafine failed to reverse inflammatory mediator-induced sensitization in mice lacking KOR ( Figure S10 ). In particular, a nalfurafine-mediated decrease in sensitization, as defined as a change in spikes greater than two SDs from the sensitized response, was common when recording from nociceptors from wild-type mice (5 of 8 neurons) but absent in nociceptors from KOR À/À mice (0 of 6 neurons; p < 0.05, Fisher's exact test). Intriguingly, while nalfurafine significantly attenuated the inflammatory mediatorinduced increase in the number of action potentials evoked in response to stretch ( Figure 8C ), it had no significant influence on the decrease in threshold (p > 0.05; data analyzed with a , and following wash (gray). Dynorphin caused a significant decrease in the amplitude of the first eEPSC compared to baseline in lamina I neurons and a significant increase in the paired-pulse ratio compared to baseline, which was reversible (one-way ANOVA and Dunnett's multiple comparison's test, p < 0.05; n = 14 neurons from 6 mice). Data are presented as mean ± SEM. There was no significant change in the 2nd peak amplitude during dynorphin application compared to baseline (p = 0.1; data not shown) (E) Schematic illustrating the experimental setup used to record from lamina III dorsal horn neurons while optogenetically activating KOR-cre primary afferents. KOR-cre, ROSA lslChR2-eYFP mice were used for these experiments, and therefore blue light stimulation was applied to the dorsal root in order to selectively activate KOR-cre primary afferents and not KOR-expressing spinal neurons. (F) Representative trace of whole-cell patch-clamp recording from a lamina III neuron at baseline (black) and during bath application of dynorphin (1 mM; green). Two 5 ms pulses of blue light were given 100 ms apart to elicit light-evoked EPSCs.
(G and H) Quantification of the first eEPSC relative amplitude (G) and paired-pulse ratio (H) at baseline (white), upon application of dynorphin (1 mM; green), and following wash (gray). Dynorphin caused a significant decrease in the amplitude of the first eEPSC and a significant increase in the paired-pulse ratio compared to baseline in lamina III neurons, which was reversible (one-way ANOVA and Dunnett's multiple comparison's test, p < 0.05; n = 6 neurons from 3 mice). Data are presented as mean ± SEM. There was no significant change in the 2nd peak amplitude during dynorphin application compared to baseline (p = 0.8, data not shown).
one-way RM ANOVA on Ranks, with a Tukey post hoc). These findings suggest that KOR signaling in the periphery reduces the gain of sensitized nociceptors, likely via second messenger pathways, rather than via direct inhibition of action potential generation.
Optogenetic Activation of KOR-Expressing Primary Afferents Elicits Withdrawal
Given the highly peptidergic nature of many KOR-expressing afferents, it seemed likely that selective activation of this population might elicit nociceptive withdrawal behaviors. To test this and symbols represent data points from individual animals (two-way ANOVA; NS p > 0.05; n = 3 mice/condition) (E and F) Representative images (E) and quantification (F) of infrared thermography to assess paw temperature. Injection of capsaicin (0.1%) caused a transient increase in the temperature of the ipsilateral paw of mice pretreated with vehicle (Control), which was significantly greater than that observe in mice pretreated with nalfurafine (20 mg/kg) or ICI204,448 (10 mg/kg), as indicated. Data represent mean ± SEM (two-way ANOVA followed by Holm-Sidak multiple comparison test; * or # indicates p < 0.05 between nalfurafine and vehicle or ICI and vehicle groups, respectively; n = 4-5 mice/condition).
(G) Schematic of the colon-nerve preparation and isolation of the receptive field.
(H and I) Typical recording (B) and quantification (C) of a teased fiber response to stretch (top trace) before (baseline) and after application of inflammatory mediators (IM, histamine, bradykinin, prostaglandin E2; and serotonin, each at 10 mM) or the combination of inflammatory mediators and 10 nM nalfurafine (IM + Nalf). Data represent mean + SEM (one-way RM AVOVA, followed by Holm-Sidak post hoc; *p < 0.05; n = 8 afferents from 8 mice).
idea directly, we expressed ChR2 in KOR-cre mice using either a virus (FLEX.ChR2-tdt) or the Ai32 allele ( Figure 8A ). Blue light LED stimulation (470 nm; 1 s) was applied to the glabrous hind paw skin at one of three intensities (1 mW, 3 mW, or 10 mW). In control littermates (that had received the Cre-dependent virus but lacked KOR-cre), blue light stimulation did not elicit a withdrawal response at any intensity tested. In contrast, when ChR2 was expressed in KOR-cre afferents using either a virus or an allele, 3 mW and 10 mW light stimulation of the hind paw elicited a robust withdrawal response that was frequently accompanied by either jumping or licking/biting of the hind paw, or both ( Figure 8B ). When blue light was applied to the shaved skin at the abdomen, thereby activating a mixed population of KOR-cre afferents (peptidergic and LTRMs), a startle response was observed most commonly, occasionally accompanied by licking, jumping, or vocalization ( Figure S11 ). These findings suggest that activation of KOR-expressing afferents results mainly in nocifensive responses.
Peripherally Restricted KOR Agonists Inhibit Chemical Pain and Itch Behaviors, but Not Thermal Thresholds
Given that activation of KOR-expressing afferents appeared to be aversive, we next investigated whether inhibition of these cells with a KOR agonists would reduce responses to noxious stimuli. To do so, we compared the effects of nalfurafine to those of either ICI204,488 or FE200665 ( Figure 8C ). For these experiments, mice of both sexes were used, and since no difference between sexes was observed, data were pooled. Following an intraplantar (IPL) injection of capsaicin (20 mL of 1.5% capsaicin), mice treated with any of the three KOR agonists showed a significant decrease in the time spent licking the injected hind paw ( Figure 8D . Nalfurafine acts both centrally and peripherally, whereas ICI204,488 and FE200665 are peripherally restricted KOR agonists. Nalfurafine (Nalf; 20 mg/kg), ICI204,448 (ICI; 10 mg/kg), and FE200665 (FE; 12 mg/kg) were given IP 15 minutes prior to behavioral testing. All data are presented as mean ± SEM, and colored symbols represent data points from individual animals.
(D) Capsaicin-induced licking behavior (20 mL, intraplantar, 1.5%) was significantly reduced by Nalf, ICI, or FE (one-way ANOVA with Dunnett's multiple comparison's test, p < 0.001; n = 10 mice/group). (E) Acetic acid-induced licking behavior (20 mL intraplantar, 0.6%) was significantly reduced by Nalf, ICI, or FE (one-way ANOVA with Dunnett's multiple comparison's test, p < 0.05; n = 10 mice/group).
(F) Chloroquine-induced scratching behavior (20 mL intradermal, 200 mg) was significantly reduced by Nalf, ICI, or FE (one-way ANOVA with Dunnett's multiple comparison's test, p < 0.001; n = 8-12 mice/group). (G) Paw withdrawal threshold (PWT) as measured by the von Frey test was not significantly changed by Nalf, ICI, or FE (one-way ANOVA, p = 0.8; n = 9-10 mice/group). (H) Nalfurafine significantly increased paw withdrawal latency (PWL) as measured by the Hargreaves' test, but ICI and FE had no effect on PWL (one-way ANOVA with Dunnett's multiple comparison's test (*p < 0.05; n = 12-16 mice/group). (I) Mechanical hypersensitivity, measured 2 hr after an incision of the hind paw, was significantly reduced by Nalf, ICI, or FE (one-way ANOVA with Dunnett's multiple comparison's test, p < 0.001; n = 7-9 mice/group). Mechanical sensitivity was recorded as the number of withdrawal responses (out of 10) to a single von Frey fiber (vF # 3.61, 0.4 g) applied to the plantar surface of the paw adjacent to the incision. Data are normalized to a baseline measure recorded 24 hr prior to the incision. (J) Thermal hypersensitivity, measured 2 hr after an incision of the hindpaw, was significantly reduced by Nalf (one-way ANOVA with Dunnett's multiple comparison's test, *p < 0.01), whereas ICI or FE had no significant effect (p > 0.05; n = 8-9 mice/group). Data are normalized to a baseline measure recorded 24 hr prior to the incision.
agonists reduced the time that mice spent licking the injected hind paw following an IPL injection of acetic acid (20 mL of 0.6% AA; Figure 8E ). Furthermore, both centrally active and peripherally restricted KOR agonists reduced scratching behavior in response to intradermal chloroquine (200 mg in 20 mL; Figure 8F ). Importantly, these effects were due to the action at KOR, rather than an off-target effect of the drugs, as nalfurafine, ICI204,448 or FE200665 at the doses used in this study had no effects in mice that lacked KOR ( Figure S12 ). Taken together, these results suggest that peripherally restricted KOR agonists are sufficient to decrease acute responses to chemical irritants.
To determine the selectivity of the responses to peripherally restricted KOR agonists, we next investigated their effects on mechanical and thermal sensitivity, both under naive conditions and in a model of post-operative pain. In naive mice, none of the KOR agonists had any effects on paw withdrawal threshold to the application of von Frey filaments ( Figure 8G ). Furthermore, nalfurafine, but not the peripherally restricted agonists ICI204,448 or FE200665, inhibited thermal responsivity in the Hargreaves' assay ( Figure 8H ).
Following injury, such as an incision during surgery, nociceptor activation and/or sensitization can drive ongoing pain and hypersensitivity to mechanical and thermal stimuli (Clark et al., 2006 (Clark et al., , 2007 Jang et al., 2011; Liang et al., 2010) . To investigate whether KOR agonists might be useful for the management of post-operative pain, we used the Brennan incision model (Brennan et al., 1996) modified for use in mice (Pogatzki and Raja, 2003) . With this model, we found that nalfurafine, ICI204,488, or FE200665 inhibited mechanical hypersensitivity following acute incision of the hind paw ( Figure 8I ). In contrast, only nalfurafine, but not the peripherally restricted agonists, inhibited thermal hypersensitivity in the Brennan model (Figure 8J) . Thus, whereas nalfurafine attenuated both thermal and mechanical hypersensitivity, peripherally restricted KOR agonists only inhibited mechanical sensitivity.
DISCUSSION
Understanding which opioid receptors are expressed in which types of peripheral sensory neurons is important because this insight may inform the clinical use of peripherally restricted agonists. In the present study, we used the combination of a KOR-cre allele, viral tracing, single-cell RT-PCR, and electrophysiology to show that the KOR is expressed in, and attenuates signaling in, three main types of sensory neurons: a transcriptionally distinct subset of peptidergic afferents and two populations of low-threshold mechanoreceptors (LTMRs) whose peripheral terminals form either lanceolate or circumferential endings surrounding hair follicles. The peptidergic neurons are notable in that these afferents express particularly high levels of Calca and Tac1 (the genes encoding CGRP and substance P, respectively), suggestive of a particularly important role in neurogenic inflammation. Consistent with this idea, we find that KOR agonists act in the periphery to attenuate afferent-evoked increases in plasma extravasation and blood flow and to reverse sensitization to inflammatory mediators.
An unexpected finding in our study is that the primary afferents that express KOR are not the ones that are currently thought to mediate itch (i.e., MrgprA3 or Nppb/SST populations) (Han et al., 2013; Mishra and Hoon, 2013 ). Yet there is strong evidence that peripherally restricted KOR agonists inhibit scratching responses to chloroquine in mice, as shown here and reported by others (Cowan et al., 2015; Inan and Cowan, 2004) , and itch in humans as evidenced by the apparent success of CR845 in several phase 2 clinical trials for uremic pruritus. Further work will be required to shed light on this apparent discrepancy. Nevertheless, it is noteworthy that many pruritogens (most famously histamine) induce wheal and flare that is thought to reflect the peripheral release of peptides (Groetzner and Weidner, 2010) . Recently, substance P, which is released peripherally upon activation of peptidergic afferents, was shown to mediate itch via Mas-related G-protein-coupled receptors on mast cells, resulting in their degranulation (Azimi et al., 2017) . This finding raises the possibility that KOR agonists inhibit itch at least in part by reducing the peripheral release of substance P from KOR-expressing afferents. Our plasma extravastion and thermography data are consistent with such a mechanism of action. Alternatively, it is possible that KOR expression on immune cells is responsible for the anti-pruritic effects of peripherally selective KOR agonists. Although we did not detect Oprk1 in dermal immune cells by RT PCR or in situ hybridization, we acknowledge this message is typically expressed at low levels and can be hard to detect. Finally, it is difficult to exclude the possibility that some of the effects of peripherally selective KOR agonists are due to CNS penetration. Nevertheless, many of the effects of KOR signaling, including its effects on neurogenic inflammation and nociceptor sensitization, are clearly peripheral in origin.
One of the interesting findings in our study was that peripherally restricted and centrally penetrant KOR agonists had distinct effects: only nalfurafine reduced heat thresholds in the Hargreaves' test in either naive mice or following incision, consistent with the idea that these effects of KOR are central rather than peripheral in origin. In contrast, both peripherally restricted and centrally penetrant KOR agonists reduced nocifensive behavior and neurogenic inflammation upon intraplantar injection of a TRPV1 agonist. The observation that peripherally restricted KOR agonists attenuated the response to capsaicin yet failed to influence the heat hyperalgesia following incision is noteworthy. We suggest that the distribution of KOR among peptidergic afferents may hold the explanation for these results: peptidergic afferents lacking KOR may be responsible for heat hyperalgesia, while peptidergic afferents expressing KOR may play a more dominant role in neurogenic inflammation, which indirectly contributes to the mechanical sensitivity observed in the incision model.
The results from the present study agree with and extend upon previous efforts aimed at testing whether activation of KOR in the periphery is an effective strategy for pain management. Previous studies have revealed that local application of KOR agonists (using doses that would not be effective systemically) reduces pain in response to formalin, Complete Freund's Adjuvant (CFA), and prostaglandin E2 (Antonijevic et al., 1995; Auh and Ro, 2012; Binder et al., 2001; Cunha et al., 2012; Keïta et al., 1995; Obara et al., 2009; Stein et al., 1989) . Furthermore, peripherally restricted KOR agonists have been found to reduce nociceptive behavior in response to formalin and CFA, as well as acetic acid-induced writhing, and chloroquine-induced itch (Barber et al., 1994; Binder and Walker, 1998; Caram-Salas et al., 2007; Inan and Cowan, 2004; Vanderah et al., 2004 Vanderah et al., , 2008 . Our work builds upon these studies with the incision model, which is likely to be relevant for the clinical application of these compounds, and by directly comparing the effects of a KOR agonist that penetrates centrally to that those that are peripherally restricted. Critically, we show that the KOR agonists tested here (nalfurafine, ICI204,488, and FE200665) are specific to KOR at the doses used, since they had no effects on pain and itch behaviors in KOR À/À mice. Moreover, we show for the first time that human primary afferents are inhibited by dynorphin, and that (just as we found in mouse) the subset that expresses KOR is peptidergic. These experiments are highly pertinent because there is currently much interest in the therapeutic potential of peripherally selective KOR agonists, with several groups performing clinical trials. Thus far, this approach appears promising, with significant analgesic or anti-pruritic effects observed in five different phase 2 studies for post-operative pain, arthritic pain, and uremic pruritus using a tetrapeptide KOR agonist (CR845), which is very similar to the one used in our study (FE200665). Thus, peripherally selective KOR agonists may be a promising therapeutic approach to reduce pain, itch, and neurogenic inflammation without central side effects.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal Husbandry KOR-cre mice were generated as previously described and are maintained on a mixed C57BL/6.129J background (Cai et al., 2016) . For some electrophysiological and anatomical experiments, KOR-cre mice were mated with Ai9 (Cre-responsive tdTomato reporter) mice or with Ai32 (Cre-responsive ChR2-eYFP) mice (The Jackson Laboratory). For most behavioral experiments 5 -8-week-old male and female C57BL/6 mice were used. For some behavioral experiments, heterozygous KOR-cre-/+ mice were harem mated and age-matched wild-type and KOR-creÀ/À male and female offspring from the resulting litters were used. In all cases, no differences between male and female mice were observed and so the data were pooled. Mice were given free access to food and water and housed under standard laboratory conditions. The use of animals was approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. 
Human Tissue
METHOD DETAILS
Intrathecal injections
Intrathecal injections were performed as previously described (Kardon et al., 2014) . Mice were anesthetized with isoflurane in a flow of O2 and the hair on their back was clipped. All intrathecal injections were delivered in a total volume of 5 mL using a 30-gauge needle attached to a luer-tip 25 mL Hamilton syringe. The needle was inserted into the tissue at a 45 angle and through the fifth intervertebral space (L5 -L6) causing a sudden lateral movement of the tail. Solution was injected at a rate of 1 mL/s. The needle was held in position for 10 s and removed slowly to avoid any outflow of the solution. Anesthesia was discontinued and the mice recovered from anesthesia within 5 min.
Histology
Immunofluorescence Mice were deeply anaesthetized and fixed by perfusion with 4% paraformaldehyde. After tissue was collected, tissue was post-fixed in 4% PFA rinsed in 1X PBS, placed in 30% sucrose at 4 C overnight. Then 20 mm thick sections were cut with a cryostat (Leica), mounted onto Superfrost Plus slides (Fisher Scientific) and stored at À20 C until use. Tissue sections were blocked in 10% donkey serum and 0.25% Triton-X in PBS for 1 h at room temperature. Sections were incubated with primary antibodies in block overnight at 4 -8 C. Slides were washed 4 3 5 min in PBS containing 0.1% triton-X. Primary antibodies were revealed with species-specific secondary antibodies raised in donkey and conjugated to Pacific Blue, Alexa488, Alexa555, or Alexa647 (Life Technologies) diluted at 1:500 in block, washed as above, and coverslipped. The primary antibodies used were: sheep anti-CGRP (1:2000, Abcam), rabbit anti-NF200 (1:1000, Sigma Aldrich), mouse anti-NF200 (1:500, Sigma Aldrich), rabbit anti-TH (1:1000, Millipore), mouse anti-parvalbumin (1:1000, Millipore), rabbit anti-PGP9.5 (1:1000, UltraClone Limited), rabbit anti-substance P (1:10000, Immunostar), goat anti-TRPV1 (1:1000, Santa Cruz Biotechnologies), rabbit anti-RFP (1:1000, Rockland), and rabbit anti-TRPM8 (1:500, gift from M. Tominaga, Okazaki Institute for Integrative Bioscience). IB4 binding was visualized using biotinylated IB4 (Sigma, 1:500) and fluorophore-conjugated streptavidin (Life Technologies, 1:500) in place of primary and secondary antibodies. Slides were imaged using a Nikon A1R confocal microscope through either a 20x or 60x oil-immersion lens. Full-tissue thickness z stacks (0.5-1 mm sections) were taken. All images are representative maximum intensity projections of 2 mm thickness (2 -4 individual z stacks). Quantification For quantification of co-localization of KOR-cre-positive neurons, full-tissue thickness z stack images of lumbar (L1 -L6) DRGs were analyzed. At least seven individual sections DRG were analyzed per mouse for each marker analyzed, and at least 3 mice were analyzed per developmental time point. Sections of DRG analyzed were at least 100 mm apart in order to avoid counting a single neuron multiple times, and only neurons with visible nuclei were counted. Neurons were counted using Nikon Elements Advanced Research Software. In Situ Hybridization Mice were deeply anaesthetized, fixed by perfusion with 4% paraformaldehyde and lumbar DRG were collected and placed directly in 30% sucrose solution at 4 C overnight. Tissues were embedded in OCT, sectioned at 12 mm, collected on Superfrost Plus slides (Fisher Scientific), and stored at À80 C until use. RNAscope Multiplex Fluorescent Assay. Slides were washed in PBS for 5 min and pretreated per manufacturer's instructions. Protease treatment was applied for 15 min at 40 C. Target probes for Oprk1 and tdTomato were combined and hybridized for 2 h at 40 C using the HybEZ Hybridization System. Following amplification and label application, slides were imaged with a Leica TCS SPE confocal microscope. 63x (no zoom) full-tissue thickness z stacks ($2 mm sections) were taken. A threshold of 4 mRNA molecules was set for a positive count.
Isolation and plating of human sensory neurons DRG were obtained from organ donors following collection of tissue needed for transplantation purposes as previously described (Zhang et al., 2015) . Following surgical isolation of ganglia, they were placed in ice cold collection media composed of (in mM) 124.5 NaCl, 5 KCl, 1.2 MgSO 4 , 1 CaCl 2 , and 30 HEPES, and had been filter sterilized after the pH had been adjusted to 7.35 with NaOH. The time between cross-clamp and the harvest of ganglia was generally under 45 min, and the time between tissue collection and initiating the dissociation protocol was less than three hours. The protocol and combination of solutions employed were as previously (Zhang et al., 2015) except that the complete media used for plating the neurons consisted of basal media (500 mL bottle of L-15 media containing (in mg): 60 imidizole, 15 aspartic acid, 15 glutamic acid, 15 cystine, 5 b-alanine, 10 myo-inositol, 10 cholineCl, 5 p-aminobenzoic acid, 25 fumaric acid, 2 vitamin B12 and 5 of lipoic acid (which was first dissolved in methanol at a concentration of 1g/2.5 ml)) diluted with fetal bovine serum (1:10) and then supplemented to yield a final concentration of 50 ng/mL nerve growth factor (NGF 2.5S, Invitrogen), 0.3 mg/mL glutamine (Invitrogen), 4.5 mg/mL glucose (Sigma-Aldrich), 0.525 mg/mL ascorbic acid (SigmaAldrich), 2.4 mg/mL glutathione (Invitrogen), and 0.2% (w/v) NaHCO 3 (Sigma-Aldrich). Cells were plated onto poly-L-lysine coated glass coverslips (Invitrogen) placed in 35 mm culture dishes and stored in a CO 2 (5%) incubator at 37 C for 2 -4 h prior to flooding the culture dishes with Complete Media. Neurons were studied within 12 h (acute) of plating.
Ca
2+ Imaging Neurons were incubated with 2.5 mm Ca 2+ indicator fura-2 AM ester with 0.025% Pluronic F-127 for 20 min at room temperature. They were then labeled with FITC-conjugated IB4 (10 mg/mL) for 10 min at room temperature. Labeled neurons were placed in a recording chamber and superfused continuously with normal bath solution in mM 130 NaCl, 3 KCl, 2.5 CaCl 2 , 0.6 MgCl 2 , 10 HEPES, and 10 glucose, pH 7.4 (osmolality 325 mOsm). Fluorescence data were acquired on a personal computer running Metafluor software (Molecular Devices) via a CCD camera (model RTE/CCD 1300; Roper Scientific). The ratio of fluorescence emission (510 nm) in response to 340/380 nm excitation (controlled by a lambda 10-2 filter changer; Sutter Instruments) was acquired at 1 Hz during drug application. All drugs were applied through a computer-controlled peizo-driven perfusion system (switching time, < 20 ms; fast-step model SF-77B; Warner Instruments). [Ca 2+ ]i was determined from the fura-2 ratio after the in situ calibration experiment as described in detail previously (Scheff et al., 2013 -free HBSS (Invitrogen). Bilateral DRG (L2 -L5) were dissected into cold HBSS and dissociated as described previously (Malin et al., 2007) . Cells were plated in DMEM F-12 (Invitrogen) containing 10% fetal bovine serum (FBS) and antibiotics (penicillin/streptomycin, 50 U/mL). Two hours later, coverslips were flooded with Ca 2+ /Mg border and held muscosal side up in a chamber coated with Sylgard (Down Corning Corp., Midland, MI). The pelvic nerve was placed in a separate compartment, isolated via a grease gap filled with paraffin oil. The colon-rectum was superfused with a modified Krebs solution (in mM): 117.9 NaCl, 4.7 KCl, 25 NaHCO 3 , 1.3 NaH 2 PO 4 , 1.2 MgSO 4 (H 2 O) 7 , 2.5 CaCl 2 , 11.1 D-Glucose, 2 sodium butyrate and 20 sodium acetate, with added nifedipine (1 mM) and indomethacin (3 mM). This solution was bubbled with carbogen (O 2 95% and CO 2 5%) to reach a pH of 7.2-7.4 at 31-33 C. The pelvic nerve was teased into 6-10 bundles placed individually on a platinum recording electrode. The colonic afferent activity was amplified (x 10,000 times), filtered (0.3 kHz-10 kHz), sampled at 20 kHz using a 1401 interface (CED) and stored on a PC for further analysis.
The receptive field of muscular colonic afferent fibers were identified with an electrical stimulus (0.5-ms duration, 0.3 Hz) using a round-tipped concentric electrode (external diameter: 0.55 mm and internal diameter: 0.125 mm, FHC, Bowdoin, ME) where the receptive endings were localized as the site requiring minimum stimulus intensity to evoke an action potential. Mechanical sensitivity was then assessed by stroking the mucosal surface with a fine brush. All the afferents responded to von Frey hairs of 1 g and 0.4 g of force and 170 mN of circumferential stretch. Circumferential stretch was applied with a custom-built claw enabling uniform and highly reproducible stretch of the entire piece of colon via a servo-controlled force actuator (series 300B dual mode servo system, Aurora Scientific, Toronto, Canada). For the focal test solutions, a stainless-steel square (4 3 4 mm; height, 1 cm) chamber was placed over the receptive field and the Krebs solution was replaced with test solutions. Stretch stimuli were applied every three minutes. Solutions were exchanged between stimuli.
Back-labeling and single-cell RT-PCR Back-labeling Mice were anesthetized with isoflurane (2%) and fluorescent retrograde dyes (5 -10 mL of Alexa Fluor-conjugated cholera toxin subunit beta (CTB) or wheat germ agglutinin (WGA)) were injected using a 31-gauge needle. For colon afferents, several small 2 mL injections were made beneath the serosal layer in the distal region of the colon, at the level of the base of the bladder. For bladder afferents, several 2 mL injections were made beneath the serosal layer in the urinary bladder body. To label muscle, injections were made into the femoral nerve. The incision was then sutured, and animals were allowed to recover before returning to their home cage. Cell dissociation and pickup Mice (5-8 weeks old) were deeply anesthetized and transcardially perfused with ice-cold Ca 2+ /Mg 2+ -free HBSS (Invitrogen). Bilateral DRG were dissected into cold HBSS and dissociated as previously described (Malin et al., 2007) . Cells were plated onto laminin coated coverslips and then placed in culture conditions for 45 minutes to promote adhesion. Before pickup, cultures were flooded with cell collection buffer (in mM) 140 NaCl, 10 glucose, 10 HEPES, 5 KCl, 2 CaCl 2 , 1 MgCl 2 ). Cells were picked up with borosilicate glass pipettes (World Precision Instruments) held by a 3-axis micromanipulator. Pipette tips were broken off into tubes containing 3 mL of lysis buffer (Epicenter, MessageBOOSTER kit), and stored at À80 C until use. Single cell amplification and qPCR Transcripts from single cells were reverse transcribed and linearly preamplified using the MessageBOOSTER kit for cell lysate (Epicenter). After preamplification, the products were cleaned with RNA Cleaner & Concentrator-5 columns (Zymo Research) and transcript levels were quantified using qPCR with optimized primers and SsoAdvanced SYBR Green Master Mix (BioRad). Cycletime (Ct) values were determined using regression. Quantification threshold was determined to be inter-replicate average of 35 Ct, the point where replicates have a 95% chance of reoccurring, and the GAPDH threshold for cell inclusion was set to 25 Ct to ensure we could detect transcripts a thousand-times less prevalent than GAPDH. If a cell met the criteria for inclusion, it would be corrected for primer efficiencies using the Pfaffl method (Pfaffl, 2001) . Evans blue extravasation Male and female mice (8-12 weeks of age) were anesthetized with ketamine:xylazine (100:20 mg/kg). Mice were pretreated with a KOR agonist or vehicle delivered intraperitoneal. Five minutes later, Evans blue solution (50 mg/kg, 0.5%) was delivered via tail vein injection. Ten minutes later, capsaicin (10 mL of a 0.1% in a vehicle consisting of 5% Tween 80: 5% ethanol in PBS) was injected intraplantar into the mouse hindpaw. KOR agonists were delivered in the following concentrations: vehicle (PBS, 100 mL), nalfurafine 20 mg/kg, FE200665 (12 mg/kg), or ICI 204,488 (10 mg/kg). Mice were perfused with saline 5 minutes after intraplantar injection of the hindpaw, and the intraplantar tissue was harvested from hindpaws and incubated for 3 -4 days in 500 mL DMSO at 50 C. The solution was subsequently concentrated to 5 mL in DMSO. Hindpaw tissue was then desiccated at 67C. Solution was spun at 10,000 RPM for 20 min, and the concentration of Evans blue was measured using a spectrophotometer at 620 nm and fitted to a standard curve. Experiments were performed blinded to drug treatment.
Vasodilation during inflammation
Male and female mice (8-12 weeks of age) were anesthetized with urethane (1.5 -2 g/kg). Drug or vehicle was delivered intraperitoneal fifteen minutes before injection of intraplantar injection of capsaicin (10 mL of a 0.1% solution in a vehicle consisting of 5% Tween 80: 5% ethanol in PBS) into the mouse hindpaw. Drugs were delivered in the following concentrations: vehicle (PBS, 100 mL), nalfurafine (20 mg/kg), or ICI 204,488 (10 mg/kg). The temperature of mice hindpaws was captured at a frequency of 1 Hz using a thermal imaging camera (A40 FLIR Systems) and temperatures recorded with ThermaCAM Researcher Pro 2.7 SR-1 software.
Behavior
All assays were performed and scored by an experimenter blind to treatment and/or genotype. Mice were pretreated with vehicle (sterile saline; 100 mL IP), nalfurafine (20 mg/kg; 100 mL IP), ICI 204,488 (10 mg/kg; 100 mL IP), FE200665 (12 mg/kg; 100 mL IP) fifteen minutes prior to testing. All testing was performed in the University of Pittsburgh Rodent Behavior Analysis Core. Optogenetic withdrawal assay Mice were placed in a clear plastic container on an elevated wire grid and allowed to acclimate for 60 min. The plantar surface of the hindpaw was stimulated with a targeted blue light LED beam (coolLED pE-100) for 1 s at either 1 mW, 3 mW, or 10 mW intensity. The number of responses out of ten applications per intensity was recorded. Both KOR-creÀ/À mice and their wild-type littermates received an IP injection of AAV9.FLEX.ChR2-tdTomato.SVRE.WP40 at P1.
Acute itch behavior
The nape of the neck area was shaved at least twenty-four hours prior to the start of the experiment. Mice were placed in a clear plastic container (3.5'' x 3.5'' x 5'') for observation and allowed to acclimate for 30 min. An intradermal injection of chloroquine (200 mg/20 mL) was made into the nape of the neck. Mice were videotaped and the number of scratch bouts was counted during a thirty-minute observation period. Acute chemical pain behavior Mice were placed in a clear plastic container for observation and allowed to acclimate for 30 min. An intraplantar (IPL) injection of capsaicin (1.5%, 20 mL) or acetic acid (0.6%, 20 mL). Mice were videotaped and the amount of time spent licking the injected paw was quantified during a ten-or thirty-minute period, respectively. Hargreaves' test Mice were placed in a clear plastic container on a glass floor maintained at 30 C and allowed to acclimate for 60 min. A radiant heat beam was focused onto the hindpaw. The latency to hindpaw withdrawal was recorded with 3 trials per animal. Beam intensity was adjusted so that at baseline mice displayed a latency of 8 -12 s. A cut-off latency of 30 s was set to avoid tissue damage. von Frey test Mice were placed in a clear plastic container on an elevated wire grid and allowed to acclimate for 60 min. The plantar surface of the hindpaw was stimulated with a set of calibrated von Frey filaments (0.008 -6 g). The 50% paw withdrawal threshold was determined using the SUDO method (Bonin et al., 2014) . Post-operative pain assay This assay was performed based on the original description in (Brennan et al., 1996) but adapted for use in mice as described in (Pogatzki and Raja, 2003) . Mice were anesthetized (2.0% for induction and 1.5% for maintenance) with isoflurane in a flow of O 2 , placed in a prone position. The left hindpaw was sterilized with betadine solution and wiped clean with sterile gauze. A 5-mm incision extending from the proximal edge of the heel toward the toes was made with a No. 11 scalpel. The incision was made through the glabrous skin, fascia and underlying plantaris muscle (leaving muscle origin intact). A single nylon mattress suture was used to close the wound and antibiotic ointment was applied to the area of the incision. Mice recovered from anesthesia within 5 min and were returned to their home cage. Two hours after the incision, mice were placed in clear plastic containers either on an elevated wire grid for von Frey testing or on a glass floor for Hargreaves' testing. Mechanical sensitivity was recorded as the number of withdrawal responses (out of 10) to a single von Frey fiber (vF # 3.61, 0.4 g) applied to the plantar surface of the paw adjacent to the incision. Thermal sensitivity was measured using the Hargreaves' test as described above, but the radiant heat beam was focused on the hindpaw near the area of the incision. Baseline measurements were made for both the von Frey and Hargreaves' tests twentyfour hours prior to the incision. Mice with wound dehiscence or puss around the incision at the time of behavioral testing were removed from the experiment. Synthesis of FE200665 N a -tert-butoxycarbonyl (Boc) and 2,2,4,6,7-pentamethyldihydro-benzofuran-5-sulfonyl (Pbf)-protected tetrapeptide (Boc-DPheDPhe-DNle-DArg(Pbf)-OH) was synthesized by standard solid phase synthesis using 9-fluorenylmethoxycarbonyl (Fmoc)-chemistry on chlorotrityl chloride resin. After completion of chain elongation, peptide was released by 1% trifluoroacetic acid (TFA) in dichloromethane and further coupled with 4-(aminomethyl)pyridine using Benzotriazol-1-yloxy tris (dimethylamino) phosphonium hexafluorophosphate (Bop) / N-Hydroxybenzotriazole (HOBt) / N-methyl morpholine in dimethylformamide for 2 h at room temperature. The protecting groups Boc and Pbf were simultaneously deblocked by 100% TFA for 3 h at room temperature, and the resulting peptide was purified by reverse phased-high performance liquid chromatography (RP-HPLC) to afford pure FE200665 in overall 62% yield.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using R or Prism7 software. Values are presented as mean ± SEM. Statistical significance was assessed using either Student's t tests, a one-way ANOVA with Dunnett's post hoc test, or a two-way ANOVA with General Linear Hypothesis test for repeated-measures with a significance level of 0.05. No statistical methods were used to determine sample sizes prior to experiments, but the sample sizes are similar to those typically used in the field.
